The austenitic stainless steel 316L was additively manufactured using Selective Laser Melting (SLM). The corrosion characteristics of the additively manufactured (3D printed) specimens were investigated by both potentiodynamic and potentiostatic techniques. The production parameters were deliberately varied during SLM, to produce 316L specimens fabricated by different laser scan speed (in the range of 860-1160 mm/s) and laser power (in the range of 165-285 W). The fabrication parameters were found to influence the porosity of the resulting specimens. The pitting potentials, metastable pitting rates and repassivation potentials of the 3D printed specimens are presented herein as a function of the laser scan speed and laser power, and also discussed in the context of specimen porosity. The corrosion characteristics of the 3D printed 316L were also compared with wrought 316L, revealing higher pitting potentials and lower rates of metastable pitting for most SLM 316L specimens, the related concepts of which are discussed herein. Stainless steels are a critically important class of alloy in several industries.
Stainless steels are a critically important class of alloy in several industries. 1 The corrosion resistance of stainless steel (SS) is attributed to the presence of alloyed chromium (> ∼11 wt%), enabling the formation of a chromium oxide (Cr 2 O 3 ) based passive film upon the metal surface. [1] [2] [3] The addition of elements such as nickel, nitrogen, molybdenum, carbon, aluminum, copper, sulfur and selenium can modify the corrosion resistance, strength, ductility, machinability, and the phases present (and their stability) in stainless steels. [1] [2] [3] The types of stainless steel are most conveniently categorized according to their microstructure, classified as: austenitic, martensitic, ferritic and austenoferritic (duplex). Such structures are realized by specific alloying additions and metallurgical processing. [1] [2] [3] [4] Additive manufacturing has recently been explored as a means to produce SS components in net shape, [5] [6] [7] circumventing the requirement of traditional manufacturing methods such as casting, rolling, welding, machining, forging, etc. Selective Laser Melting (SLM) is one such additive manufacturing method, which can produce dense products by laser processing of metal powders. In SLM, metal powder layers are successively fused in a layer-by-layer manner into the requisite 3D structure, employing a fiber laser. [8] [9] [10] [11] The metallic component in essence is therefore 3D printed into the requisite shape, by additive manufacturing processes like SLM. The process takes place in chamber of well-controlled inert atmosphere (either nitrogen or argon). The primary parameters that govern the microstructure of a 3D printed specimen are the laser power and the laser scan speed, as they influence the thermal gradients and growth rate of the metal at the solid-liquid interface (in the melt pool). 12 The porosity that may develop in 3D printed specimens depends upon the heating and cooling rates of the melt pool. 13 The laser scan speed relates to the duration for which the laser beam is in contact with the metal powder, thus influencing melting and solidification. It has been observed that when the laser power is too low, the melting of metal powder may not be uniform and pores may develop in the printed structure. 14, 15 Wolf et al. 16 observed that if the laser power is too high, gases may become entrapped in the printed structure, resulting in higher porosity. The mechanical properties of the 3D printed porous 316L (austenitic SS) specimens were investigated by Verlee et al., 17 whilst there are also some initial reports of the general corrosion behavior of additively manufactured 316 (austenitic SS).
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z E-mail: sebastian.thomas@monash.edu Whilst 3D printing of metals is not new per se, the 3D printing of stainless steels is comparatively new, owing to the fact that the value proposition (i.e. the relative cost saving or cost benefits arising) has traditionally been greatest for the additive manufacture of Ni or Ti alloys. 22, 23 As a result, there is a paucity of work related to the corrosion performance of the important alloy 316L, when produced by 3D printing. Of the very few works to date that report corrosion of 3D printed austenitic stainless steels, the outcomes are inconclusive. For example, Sun et al. 19 studied SLM 316L in 0.9% NaCl for specimens with porosities of >1.7% (in some cases as high as 6.7%), representing very high porosity levels for an engineering material. This work indicating that for the specimens tested, a slightly higher passive current density was observed in the case of 3D printed specimens. However in the same electrolyte of 0.9% NaCl, Zietala et al. 20 reported a lower passive current density in the case of 316L prepared by the LENS method, which is a blown powder laser manufacturing process. In the only other relevant report, Trelewicz 21 reported a single set of polarization scans for SLM 316L relative to wrought 316L, suggesting that SLM 316L presented 'reduced passivity' in 0.1 M HCl. However the data reported in that study does not resemble the typical polarization response of 316L in 0.1 M HCl, 24, 25 the polarization response being possibly influenced by crevice corrosion. Furthermore, more extensive corrosion data or its reproducibility (either by duplicate data or testing, or by the presentation of data with error analysis or error bars) has not been presented in any works to date. There appears to be a clear knowledge gap in the literature regarding the corrosion performance of 3D printed stainless steels.
The objective of the present study was to analyze and relate the impact of the different SLM parameters -namely laser power and laser scan speed -on the porosity and the electrochemical characteristics of the 316L specimens. Such a test matrix allows the collection of a large number of data sets, on a large number of unique samples, providing a suitable overview of the corrosion performance of 3D printed 316L. The corrosion characteristics of the 3D printed specimens were also compared with commercial wrought 316L. In order to gain a deeper insight into the electrochemical response of SLM 316L, the pitting characteristics were also explored using potentiostatic testing to assess metastable pitting characteristics.
The corrosion characteristics of 3D printed SS has not previously been systematically explored as a function of laser power and laser scan speed, nor has the effect of porosity on the pitting characteristics of SS been reported. The work herein aims to both elucidate and clarify the effect of the printing parameters on the porosity and pitting characteristics of 316L SS, providing a reference for researchers exploring 3D printing to manufacture 316L components.
Experimental
Materials.-AISI 316L stainless steel powder with a spherical particle size distribution from 10 to 53 μm was supplied by TLS Technik GmbH (Germany). Cubic samples were manufactured using selective laser melting (SLM) using an EOS M280 (EOS GmbH, Krailling, Germany) with an Yb-fiber laser (1070 nm) having a fixed laser diameter of 100 μm and an inert nitrogen-purged atmosphere. The main laser exposure parameters of laser power and scan speed were varied for the building/printing of each unique specimen, with all other parameters held constant. In the first instance, the laser scan speed was kept fixed at 960 mm/s and the laser power was varied between 165 to 285 W. Then, the laser power was kept fixed at 285 W and the laser scan speed was varied from 860 mm/s to 1160 mm/s. All samples were produced in the same build with the distance between laser passes (hatch distance) for the core exposure was 110 μm, and the layer thickness was 40 μm. The laser power and laser scan speeds used in this study for the fabrication of different samples is shown in Table I . The specimens were taken from near the edges of each cubic sample, with the electrochemical tests and porosity measurements performed on the surface perpendicular to the build direction. Wrought 316L was sourced from Interalloy (Victoria, Australia). The chemical compositions of both the wrought 316L and powder 316L are presented in Table II .
Porosity determination.-Specimens were metallographically prepared by surface grinding to a P2500 grit surface finish, using silicon carbide paper. They were then polished to a 1 μm surface finish using diamond particle suspension and subject to ultrasonic cleaning. The polished surfaces were then observed using an optical microscope. Images were collected at different magnifications between 5-20 x and the resultant images were analyzed using the ImageJ Table II . Chemical compositions of both 316L wrought and powder utilized in this study. software. The porosity of specimens were then quantified using a statistical approach from numerous images at various magnifications from each sample.
Cyclic potentiodynamic polarization (CPP).-Mounted specimens were successively ground to a P2000 grit finish and then thoroughly cleaned in an ultrasonic bath. Each specimen (the working electrode) was then introduced into an electrochemical flat cell, which contained a saturated calomel reference electrode (RE) and a platinum mesh counter electrode (CE). The electrolyte used was NaCl solution (0.58% w/V, 0.1 M). A dilute solution was used to minimize the localized corrosion of the SS, so that metastable pitting events may be readily recognized during analysis of the current transients from the potentiostatic tests. The CPP test was performed using a scan rate of 1 mV/s, commencing from −0.25 V (vs. OCP) to +1.0 V SCE . The direction of the scan was reversed at 100 μA/cm 2 . Prior to polarization, specimens were allowed to stabilize in the test electrolyte, during which the open circuit potentials (OCP) of the specimens were measured. The CPP was repeated at least 5 times for each specimen to ensure reproducibility and consistency of the collected data.
Potentiostatic testing.-The characterization of metastable pitting requires a small area of the exposed metal to the test electrolyte in order to avoid overlapping of the metastable pitting events during potentiostatic experiments. 26 Therefore, the 3D printed cubes were machined to prepare specimens with a mean area of 3 mm 2 . The specimens were flush mounted in epoxy, with an electrical connection at one end. The epoxy mount/sample interface was insulated using lacquer, to prevent crevice corrosion during electrochemical tests. A conventional threeelectrode set-up was used for potentiostatic experiments as per CPP, including the same electrolyte (0.1 M NaCl). The potential applied during potentiostatic was 0.1 V SCE below the average pitting potential (E pit ) of the respective specimen, as measured by CPP. As such, samples were all tested with a fixed underpotential relative to E pit , which was noted as being the most suitable manner for comparison of metastable pitting characteristics of different specimens. 27 The current transients generated by the potentiostatic experiments were monitored for 30 minutes and assessed by utilising the automated peak counting approach as presented by Cavanaugh. 28 Scanning electron microscopy and electron backscatter diffraction.-The polished 316L specimens were characterized using a scanning electron microscope (SEM) in the secondary electron (SE) mode. EBSD images were also collected using an electron backscatter diffraction (EBSD) system. The grain size was analyzed by TSL orientation image mapping software.
Results
Effect of laser power and scan speed on porosity of 316L.-The porosities of the 3D printed specimens were determined using optical microscopy and are presented here as a function of the build parameters ( Figure 1 ). The porosities of the specimens decreased with increasing laser power (Figure 1a) , when the laser scan speed was kept fixed at 960 mm/s and the laser power varied in the range 165-285 W. In contrast, there was no specific correlation observed between the specimen porosities and the laser scan speeds, when the laser power was kept fixed at 285 W and the laser scan speed varied from 860 mm/s-1160 mm/s (Figure 1b) . The effect of the laser parameters (given by the ratio, Laser Power/Laser scanning speed) on the porosities of the manufactured specimens is presented in Figure 1c . It is noted that the laser beam energy density (L E ) can be calculated as function of laser power and laser scan speed as shown in Equation 1.
Where L p is the laser power (W), L s is the laser scan speed (mm/s) and L D is the laser diameter (mm). Sample 4 which was prepared with the lowest laser power (165 W) was found to have the highest porosity (at 0.4%). Sample 7, prepared with the highest laser power (285 W)
) unless CC License in place (see abstract Figure 1 . The porosities of SLM 316L specimens as determined using optical microscopy, for specimens manufactured using different fabrication parameters. a) Porosity variation for specimens prepared using different laser power (165-285 W) and a fixed laser scanning speed (960 mm/s). b) Porosity variation for specimens prepared using different laser scanning speeds (860-1160 mm/s) and a fixed laser power (285 W). c) The variation of specimen porosity as a function of the ratio of laser power to laser scan speed. The porosities of Sample 4 and Sample 7 are specifically indicated in the figure. The sample numbers are presented beside the porosity values of the respective specimen. and the lowest scan speed exhibited the lowest porosity (<0.03%) (Figure 1) .
The optical images of both Sample 4 and Sample 7 are shown in Figure 2 . The SEM images and EBSD orientation maps corresponding to both these specimens are also presented in Figures 3-4 . The SEM images reveal that both specimens are replete with sub-micron sized pores, with diameters < 1 μm (Figures 3a and Figure 4a ). The optical images reveal the presence of much larger pores, with diameters > 10 μm (Figure 2 ). The impact of sub-micron sized pores on the determination of porosity is numerically less significant than the contribution from larger pores, and so the specimen porosities reported are dominated by the large pores (viz. > 10 μm) as detected from optical imaging alone. Quantitatively, Sample 4 presented a higher distribution of large pores with diameters > 10 μm, when compared with Sample 7 (Figure 2) . The EBSD images reveal the relative grain sizes in both the specimens (Figures 3-4) . For each specimen, the grain size is relatively uniform, indicating successful building. Furthermore, whilst not evident from the IPF maps, the phase identification revealed that samples were fully austenitic (single phase).
Cyclic polarization characteristics of 3D printed 316L.-The CPP curves of Sample 4, Sample 7 and wrought 316 are presented in Figure 5 , visually revealing that the 3D printed specimens have much higher E pit values when compared to wrought 316L. The E pit values of all the 3D printed specimens were found to be within the range 0.60-0.75 V SCE (Figure 6 ), which is about 300 mV higher than the E pit of the wrought 316 specimen, and similarly is about 300 mV higher than the reported values of E pit for 316 SS in the wider literature. The effects of the laser energy and the ratio of laser power/laser scan speed, on the E pit values of the different specimens are shown in Figure 6 . This plot indicates that there is no significant correlation between the laser parameters and the E pit values, for the set of conditions used in this work to manufacture 316L using SLM.
The corrosion potential (E corr ), corrosion current density (i corr ), E pit and repassivation potential (E rep ) of all the 316L specimens tested are plotted against the respective specimen porosity in Figure 7 . The porosity of the wrought 316 specimen was assumed to be zero. The determined E corr and i corr values of the 3D printed specimens were found to be independent of the specimen porosity. Furthermore, the E pit values did not show any statistically significant correlation with sample porosity. However, interestingly the E rep values of the 3D printed specimens were found to decrease with increasing porosity of the specimen. The E rep of Sample 4 (−0.1 V SCE ) which has the highest porosity was significantly lower than the E rep of Sample 7 (0.035 V SCE ) thus, revealing the detrimental impact of specimen porosity on E rep . The data also suggests that porosity is one material factor that can influence repassivation, but not necessarily E pit , which is an important revelation.
Metastable pitting characteristics of 3D printed 316L.-The metastable pitting characteristics of specimens were determined via potentiostatic testing and the sensitive recording of fluctuations in current (i.e. chronoamperometry transients) as shown in Figure 8 .
For the period of testing, it is interesting note some generalities. Typically, the 3D printed specimens showed a higher frequency of current fluctuations in the first 15 minutes of the potentiostatic testing, whereas the wrought 316L specimens showed current fluctuations throughout the test period and typically more current 'spikes' in the final 15 minutes of potentiostatic experiments (Figure 8 ). The number of metastable pitting events were counted and normalised to the surface area and exposure time of each specimen, to obtain a metastable pit frequency, λ (in cm −2 .s −1 ) which is presented in Figure 9 .
The wrought 316L specimen (with zero porosity) was found to have a metastable pit frequency of 4.52 cm −2 .s −1 . Sample 4 showed the highest metastable pit frequency (5.04 cm −2 .s −1 ), whereas Sample 7 had one of the lowest metastable pit frequencies (2.18 cm −2 .s −1 ). This indicates that the porosity of a 3D printed specimen influences its metastable pitting characteristics (but interestingly, not influencing E pit ). The area under the potentiostatic curve (I vs t curve) for each sample was integrated to obtain the cumulative charge passed through each sample during the potentiostatic experiment. Similarly, the area under the I vs t curve after subtracting all the current peaks was also obtained by integration. The difference between the cumulative charges passed in both these cases, corresponds to the cumulative charge passed through the metastable pits of each sample (in mC/cm 2 ). The cumulative charge passed via the metastable pits of each sample is plotted against the respective sample's metastable pit frequency ( Figure 10 ) and also the porosity (Figure 11 ). Sample 4 showed the highest cumulative charge (3.67 mC/cm 2 ) and highest metastable pit frequency, whereas sample 7 showed the lowest cumulative charge (0.10 mC/cm 2 ) and lowest metastable pit frequency. This indicates that the sample with the highest porosity (Sample 4) tends to suffer more damage during metastable pitting events when compared to the sample with the lowest porosity (Sample 7). The wrought 316L specimen showed some interesting characteristics. The metastable pit frequency of the wrought specimen was one of the highest (Figure 9 ), however the cumulative charge passed through the metastable pits of the wrought specimen was among the lowest, around 0.2 mC/cm 2 ( Figures 10-11 ). This reveals that although the E pit of the wrought specimen is less noble and its metastable pit frequency much higher than that of most 3D printed specimens, it seems to suffer far less damage during the metastable pitting events compared to the 3D printed specimens.
Discussion
The porosities of the 3D printed specimens were found to decrease with an increase in the laser power used for SLM (in the range of 165-285 W). However, the variations in the laser scan speed (in the range of 860-1160 mm/s) did not have a significant impact on the porosities of the specimens. The E corr , i corr and E pit values of the 3D printed specimens did not show significant variation with specimen porosity. This is suggestive that specimen porosity is not a principal controlling factor in stable pit initiation. However, E rep was found to decrease with increasing specimen porosity. This reveals that once sta- ble pitting has occurred, its cessation is more difficult in the presence of increasing porosity. The metastable pit frequency was also found to increase with increasing specimen porosity for the 3D printed specimens. This indicates that porosity can contribute to metastable pitting events, but not necessarily to a lowering of E pit . This means that metastable pits that are activated and repassivated at potentials below E pit , are not principally responsible for lowering E pit and potentially not the cause of subsequent stable pitting.
The 3D printed specimens had significantly higher E pit values than the benchmark wrought 316L specimen (by about 300 mV), revealing that 3D printed specimens are more resistant to stable pit initiation. However, the wrought specimen had a higher E rep than most of the 3D printed specimens, indicating that the cessation of stable pitting (by repassivation) in 3D printed specimens is less favored when compared to the wrought specimen. The metastable pit frequency of the wrought specimen was found to be relatively higher when compared to frequencies of most 3D printed specimens. However, the The E corr , i corr , E pit and E rep values of the SLM 316L specimens plotted against the respective sample porosity. The data corresponding to Sample 4 (with the highest porosity), Sample 7 (with the lowest porosity) and wrought 316L (no porosity) has been labelled. The sample numbers are presented beside the respective data points for the remaining samples.
cumulative damage (or charge passed through metastable pits) was observed to be much lower for the wrought specimen when compared to the 3D printed specimens. These results indicate that the repassivation of metastable pits too is less favored upon 3D printed specimens compared to the wrought specimen. The effect of SLM parameters on porosity.-The porosities of the 3D printed specimens were found to decrease with an increase in laser power/laser energy. A similar effect has been observed recently for additively manufactured duplex SS. 7 At low laser energy densities and high laser scan speeds, the metal particles may not uniformly melt, resulting in ineffective powder deposition, which may contribute to porosity. Similarly, at high laser energy densities and low laser scan speeds, gases may be entrapped in the melt pool thus contributing to porosity. An optimal laser power/laser scan speed to minimise the specimen porosity can be inferred from the current work, for the range of parameters explored herein (noting that this may not be universal depending on the power or specifications of the various metal 3D printers presently on the market). A laser power of 285 W and laser scan speed of 860 mm/s were found to be the most optimum here, to minimise the porosity of SLM manufactured 316L SS specimens. The lowest porosity achieved herein, is also noted as being very low for AM builds, and much lower than the porosity reported in other works. The corrosion characteristics of 3D printed 316L specimens.-The microstructures of 316L specimens produced by SLM are different as compared to those of wrought 316L. They are homogeneous in the sense that they do not inherit grain shapes or crystallographic texture from wrought operations. In addition, it has been noted (but not explored herein) that SLM prepared 316L specimens contain nanoscale dislocation cell structures 29, 30 corresponding to very high as-built dislocation densities. The presence of such dislocation cell structures will impact the mechanical properties of the SS, and may also be a contributor to electrochemical properties -the extent to which is unknown. Referring to the limited prior work in this field, Trelewicz et al. 21 observed that SLM produced 316L had a lower resistance to pitting, when compared to wrought 316L in 0.1 M HCl solution. They postulated that molybdenum (Mo) segregation occurs at the walls of the cell structures, causing a heterogeneous distribution of Mo in the matrix of the SLM produced 316L. The segregation of Mo was postulated to detrimentally influence the pitting resistance of SLM produced 316L. 21 The present work however has revealed that the E pit of the 3D printed 316L is much higher than that of wrought 316L, indicating that the 3D printed specimens are more resistant to pit initiation.
Pit initiation in 3D printed specimens appears to be inhibited by some feature or characteristic that is not directly or principally related to the porosity of the specimen. Manganese sulfide (MnS) inclusions are common impurities dispersed in the matrix of austenitic SS and are considered to be the preferred sites for pit nucleation in austenitic SS. [31] [32] [33] [34] They also promote stable pit growth in austenitic SS. [33] [34] [35] In fact, it was recently revealed by using high-resolution secondary ion mass spectroscopy (SIMS) that an iron-sulfide (FeS) rich "halo" up to 100 nm thick surrounds such MnS inclusions, which plays a critical role in the initiation of pitting corrosion at such inclusions. 35 It was proposed that the dissolution of this "halo" results in the formation of a polysulphide skin between the MnS inclusion and the steel, within which a pit can be triggered. 35 The pitting susceptibility of SS such as 304L was related to the size/distribution of the sulfide inclusions and when the sulfide particles are below a certain size (between 0.008 and 0.5 μm 3 for spheroidal particles), they are considered to be too small to nucleate a pit. 31 Stewart et al. observed that laser surface melting (LSM) of 304L significantly reduced the sizes of the dispersed sulfide inclusions and correspondingly improved the pitting resistance of the SS. 31 Recently, Stoudt et al. 36 observed that the E pit values of additively manufactured 17-4 PH SS was about 10 mV higher than that of wrought 17-4 PH SS. They observed that additively manufactured SS had a finer martensite lath structure and a more homogenous dispersion of niobium carbide (NbC) precipitates compared to the wrought specimen. Interestingly, the sizes of the NbC precipitates were found to be an order of magnitude smaller in the additively manufactured specimens compared to the wrought specimens. 36 It is therefore hypothesized that SLM may similarly impact the presence of, or size distribution of MnS inclusions, such that the inclusions are either annihilated and cannot reform from rapid solidification of the melt pool, or are too fine to trigger pit initiation in 3D printed 316L.
Overall, the E corr , i corr and E pit values of the 3D printed SS specimens did not significantly vary with specimen porosities. The metastable pit frequency and also the cumulative charge passed through the metastable pits were found to increase with the specimen porosity. The E rep was also found to decrease with specimen porosity. These results indicate that the Cr-based passive film protects the metal surface even at the pores. The passive film may however be more susceptible to "break-down" at such pores, causing the onset of several metastable pits during potentiostatic experiments. The film spontaneously re-generates at such sites and apparently prevents the transition from metastable to stable pitting. The wrought 316L (no porosity) has shown the highest E rep within the analyzed samples, whereas Sample 4 (highest porosity) has shown the lowest E rep . This indicates that in the case of 3D printed specimens the system is initially controlled by pit stabilization. However, once pitting has commenced the system transitions to one being controlled by pit initiation. 37 The influence of porosity on the kinetics of repassivation of the SS specimens will need to be investigated in future work. This may be due to several different factors; firstly the impurities or inclusions on the surface of 3D printed 316L (or the pores) may be different to that of wrought 316L and could be detrimentally influencing repassivation. Similarly, in 3D printed 316L shallow pits may be opening into a large cavities (or pores) within the metal which could restrict repassivation. The presence of sub-surface pores could restrict repassivation after stable pit growth as they may merge with pits growing into the metal. Finally, the relatively rougher surface of the pores could also impede repassivation of pits within pores. Such aspects point to diverse and significant needs for important future work.
